Hydrogen peroxide is discussed as being a signaling molecule in Arabidopsis thaliana leaf senescence. Intracellular hydrogen peroxide levels are controlled by the hydrogen peroxide scavenging enzyme catalase in concert with other scavenging and producing systems. Catalases are encoded by a small gene family and the expression of all three Arabidopsis catalase genes is regulated in a senescence-associated manner. CATALASE2 (CAT2) expression is down-regulated during bolting time at the onset of leaf senescence and appears to be involved in the elevation of the hydrogen peroxide level at this time point. To understand the role of CAT2 in senescence regulation in more detail, we used CAT2 promoter fragments in a yeast-one-hybrid screen to isolate upstream regulatory factors. Among others, we could identify G-box binding factor 1 (GBF1) as a DNAbinding protein of the CAT2 promoter. Transient overexpression of GBF1 together with a CAT2:GUS construct in tobacco plants and Arabidopsis protoplasts revealed a negative effect of GBF1 on CAT2 expression. In gbf1 mutant plants, the CAT2 decrease in expression and activity at bolting time and the increase in H 2 O 2 could no longer be observed. Consequently, the onset of leaf senescence and expression of senescenceassociated genes was delayed in gbf1 plants, clearly indicating a regulatory function of GBF1 in leaf senescence most likely via regulation of the intracellular hydrogen peroxide content.
Introduction
amino acids of the N-terminus and the empty vector showed no detectable expression. This indicates that GBF1 contains a functional transcriptional activation domain in the Nterminal region. The expression of the recombinant proteins in the yeast cells was confirmed by Western blot and immunodetection (Fig. 1F) 
GBF1 negatively regulates CAT2 expression
The in vivo effect of GBF1 on CAT2 expression was investigated in two different transient expression systems using CAT2:GUS as a reporter. Leaves of Nicotiana benthamiana were coinfiltrated with Agrobacteria tumefaciens containing the CAT2:GUS reporter construct and Agrobacteria tumefaciens containing either a 35S:GBF1 expression vector or an empty vector. GUS activity of 16 independently transformed plants was measured. The GUS activity determined in plants transformed with the reporter construct and the empty control vector was defined as basal GUS activity and was used as reference and set to 100%. Cotransfomation of the reporter construct with a 35S:GBF1 expression vector reduced the basal GUS activity about 35% ( Fig. 2A ). In addition, Arabidopsis protoplasts were transformed with the respective plasmids. Double transformations with a CAT2:GUS construct and either a 35S:GBF1 construct or an empty vector were conducted. The basal GUS activity was determined after transformation of the CAT2:GUS construct and an empty 35S expression vector and was set to 100%. Again, transformation of a CAT2:GUS construct together with a 35S:GBF1 expression vector reduced the activity of GUS significantly compared to the basal activity (Fig. 2B) . Thus, we assume that GBF1 works as a repressor for CAT2 expression even though GBF1 has a functional activation domain. However, the G-box is located more than 1000bp upstream of the transcriptional start side so that the activation domain might not directly interact with the basal transcription machinery.
In order to verify the effect of GBF1 on CAT2 expression in planta, we characterized two different GBF1 T-DNA insertion lines. One T-DNA insertion was localized in exon 9 (gbf1-ex, SALK_144534), the other one in intron 4 (gbf1-int, SALK_147518) of the GBF1 gene. Plants which were homozygous for these insertions were characterized by a PCR screen. The GBF1 expression was analysed in comparison to Col-0 wildtype plants which revealed a more or less constant expression of GBF1 in four-, six-and eight-week-old plants. Whereas in gbf1-ex plants no expression could be detected, the insertion of the T-DNA in the intron in gbf1-int plants led to a reduced expression of GBF1 (Fig. 3A) .
Genevestigator data (http:/www.genevestigator.ch) and GBF1:GUS plants confirmed a constant expression level of GBF1 throughout the leaf and plant development (Supplemental Figure 2) . However, if GBF1 negatively regulates CAT2 expression CAT2 mRNA levels should be altered in gbf1-ex and gbf1-int. Quantification of RT-PCR analyses revealed that the down-regulation of CAT2 expression with increasing plant age in Col-0 plants disappeared in gbf1-ex and gbf1-int (Fig. 3B ). Protein levels of the different catalases were determined by native PAGE of plant protein extracts and subsequent Western blot with an immunodetection using Anti-rye-catalase antibodies. In consistence with gene expression, the protein level of CAT2 decreased with plant age and progression of senescence in wild type plants. In contrast, CAT2 protein content remained constant in gbf1-int extracts or even increased in gbf1-ex plant extracts. CAT3 mRNA and protein levels increased in all three different plant extracts but to a lesser extent in gbf1-int and gbf1-ex plants ( Fig. 3C and 4A ). CAT1 mRNA and protein could not be detected in these developmental stages ( Fig. 3D and 4A ). The enzyme activity of the different enzyme isoforms was determined on native PAGEs followed by a catalase specific activity staining. As shown before, CAT2 activity decreased in parallel to mRNA and protein levels in wild type plants with progression of senescence (Zimmermann et al., 2006) . In gbf1-ex plant, no decrease in CAT2 activity could be observed whereas in gbf1-int plant CAT2 activity decreased but to a lesser extend compared to wildtype (Fig. 4B ).
With the loss of CAT2 down-regulation in gbf-ex plants the hydrogen peroxide peak which can be observed in wild type plants during bolting time also disappeared (Fig. 5; Zimmermann et al., 2006; Miao et al., 2004) . Taken together these results clearly indicate that GBF1 is involved in the senescence-associated down-regulation of CAT2 expression resulting in an activity loss of CAT2 and an increase in hydrogen peroxide levels.
Senescence-associated CAT3 induction appears to be slightly affected in gbf1-ex and gbf1-int compared to wild type which correlates with the delayed senescence phenotype of gbf1-ex and gbf1-int plants described below. To corroborate the results of the knockout plants we constructed 35S:GFB1 overexpressing plants. After transformation we received several Basta resistant transgenic lines, however, the overexpression of GBF1 always led to gene silencing of the endogenous GBF1 gene (Supplemental Figure 1) . In consistence, the phenotype of these transgenic lines was similar to gbf-int.
Phenotype and senescence-associated gene expression
The phenotype of gbf1-ex and gbf1-int plants was analyzed in comparison to Col-0 wild type plants. No difference in overall development, bolting and flowering time could be observed (Fig. 6B) . However, if rosettes of 6.5-week-old plants were analyzed from upsight down, wild type plants already showed several yellow leaves whereas gbf1-ex and gbf1-int plant did not. Using a specific colour code, leaves were sorted according to their age. The old leaves of the wild type plants have already turned yellow or brownish while the leaves of gbf1-ex and gbf1-int plants were still green even though the chlorophyll loss already started and became visible ( ( Fig. 7A, B) . In contrast, expression of the senescence regulator WRKY53 appears to be even repressed in the mutants. This effect appears to be more pronounced in the knockout mutant gbf1-ex than in the knock-down mutant gbf1-int. This repression appears to be released again in gbf1-int in 8-week-old plants. As expected, RBCS1a is down regulated in the wild type plant with increasing age. This down-regulation is diminished in the mutant lines indicating that senescence is delayed. In addition, this resembles very much the loss of CAT2 down-regulation in the mutants supporting also a direct negative regulation of RBCS1a by GBF1. In consistence, the RBSC1a promoter contains a G-Box and we could show that GBF1 directly interacts with this G-Box in an ELISA based DNA-binding assay (Supplemental Figure 3) . bZIP63, belonging to the c-group bZIP factors and binding the C-BOX was used as negative control and did not bind to either the CAT2 or the RBCS1a G-Box fragments (data not shown). GBF1 was already However, GBF1 itself appears not to be regulated predominantly on the transcriptional level. Our RT-PCR data, GBF1:GUS plants and also genevestigator and Arabidopsis eFP Browser data revealed that GBF1 is only expressed at low to moderate levels as expected for a transcription factor and is present in many different tissues. Its expression appears to be more or less constant over leaf development with a slight up-regulation during bolting time and in senescent leaves. Expression can be slightly induced by osmotic or drought stress and is only slightly modulated by hormone treatments. However, it is already know for many years that GBFs are extensively regulated on the posttranscriptional level.
DNA-binding activity of the Arabidopsis GBF1 is stimulated by phosphorylation through casein kinase II (Klimczak et al., 1992; 1995) . Furthermore, GBF1, GBF2 and GBF3 can also form heterodimers, suggesting a potential mechanism for generating additional diversity in regulation mechanisms by these GBF proteins (Schindler et al., 1992) .
Recently it was shown that AtbZIP16 and AtbZIP68, also belonging to the G group, could also form heterodimers with the other members of the G group (Shen et al., 2008) .
In parsley, a light-modulated transport of GBFs to the nucleus could be observed (Harter et al., 1994) . Arabidopsis GUS:GBF1 fusion proteins localized 50-62% in the cytoplasm under all conditions tested, while 97% of GUS:GBF4 fusions were localized in the nucleus. By contrast, about 50% of GUS:GBF2 was found in the cytoplasm of darkgrown cells, whereas over 80% of this protein was found in the nucleus in cells cultured under blue light. Deletion analysis of GBF1 identified a region between amino acids 112 and 164 apparently required for cytoplasmic retention. These results suggest that limitation of nuclear access may also be an important control of GBF activity (Terzaghi et al, 1997) . In addition, yeast two-hybrid assays and in vitro binding assays indicated that the GARP transcriptional activator GPRI1 (named GBF's Pro-rich region-interacting factor 1) can interact with the Pro-rich regions of GBF1 and GBF3, whereas GPRI2 interacted only with the Pro-rich region of GBF1 (Tamai et al., 2002) . GPRI1 and GPRI2 may function in concert with a GBF1 through interaction with its Pro-rich region to How GBF1 activity is regulated in a developmental and senescence-associated manner still has to be elucidated. In vivo localization and in vivo interaction studies with the above mentioned candidates will be carried out to learn more about the mechanism of senescence-specific GBF1 regulation. 
Material and methods

Plant Material
Recombinant proteins
The full length GBF1 cDNA fragment was cloned into the pQE30 expression vector 
Semi-quantitative RT-PCR
Total RNA was isolated from whole leaves using a PURESCRIPT RNA Isolation Kit (Gentra, Biozym) and subsequently reverse transcribed into cDNA using the iScript conducted at 30°C over night. To reduce false positives, a small amount of 3-AT (3-amino-1,2,3-triazole) was added. The one-hybrid screenings and assays were performed as described in CLONTECH's Matchmaker One-hybrid system protocol (Clontech/Biosciences). Full length cDNAs were isolated for the candidate genes which have been isolated several times in the screen, were cloned into the pGADT7Rec vector and were transformed into Y187 containing the CAT2 promoter reporter construct.
In order to analyse the activation potential of the GBF1 protein, the full length cDNA was inserted into pGBKT7 vector to generate a GBF1-GBD (GAL4-DNA-binding domain) fusion construct. These plasmids were introduced into yeast strain Y187 containing the LacZ gene under the control of the GAL1 promoter. 
